INTRODUCTION
============

The ivy sign might be suggestive of diffuse leptomeningeal collaterals found on post-contrast T1-weighted MR images in patients with moyamoya disease[@B11],[@B19]. It has also been defined as a continuous linear leptomeningeal high-signal intensity along the cortical sulci and subarachnoid spaces on MR fluid-attenuated inversion recovery (FLAIR) images[@B13]. Its proliferation is suggestive of a retrograde slow vascular flow that is highly correlated with the existence of a decreased cerebrovascular reserve (CVR)[@B2],[@B4],[@B5],[@B10],[@B18]. Accordingly, recent studies have examined the usefulness of MR FLAIR images as a follow-up study after superficial temporal artery (STA)-middle cerebral artery (MCA) anastomosis in patients with moyamoya disease[@B6],[@B9]. Kawashima et al.[@B9] reported that the ivy sign on MR FLAIR images was a useful indicator in detecting brain hemodynamic changes at a follow-up in patients with moyamoya disease who underwent STA-MCA anastomosis. But, most of these studies have been conducted in younger patients with a mean age of 20-29 years. Considering the age distribution, the higher incidence of moyamoya disease was observed in adults 45 to 49 years of age and the second in children 5 to 9 years of age, their reliability would be questionable on aspect of age[@B1].

Given the above background, we conducted this study to examine the usefulness of the ivy sign on MR FLAIR images as compared with single photon emission computerized tomography (SPECT) and MR perfusion studies in detecting brain hemodynamic changes between preoperatively and postoperatively in adult patients (above 20 years) with moyamoya disease[@B3],[@B12],[@B17].

MATERIALS AND METHODS
=====================

Patients
--------

From Sep 2010 to Dec 2012, twelve adult patients with moyamoya disease visited our medical institution. In these patients (average age, 45 years; range, 23-64 years), moyamoya disease was incidentally found on a regular check-up without notable symptoms or it was detected on examinations for transient ischemic attack (TIA) or cerebral infarction. The Suzuki grade of moyamoya disease was analyzed and then compared with the mean ivy score. Twelve patients and thirteen cases (one having surgery at both hemispheres) underwent STA-MCA anastomosis. Our patients had a mean age of 45 years and they underwent STA-MCA anastomosis on preoperative and postoperative MR FLAIR images.

Imaging studies
---------------

In each patient, such imaging studies as a MRI, a CT angiography, and a SPECT were performed both preoperatively and postoperatively. The MR images included perfusion and FLAIR ones. A board-certified specialist in radiology reviewed the images and rated the ivy sign scores.

MR perfusion imaging represents a form of functional imaging that assesses alterations in blood flow with additional information on metabolism and regional measures of a specific tracer. This technique can be used to find salvageable ischemic brain tissue which represents the \"schemic penumbra\". Patients identified with a larger penumbra are more likely to benefit from recanalization therapies making it crucial to properly recognize them[@B23]. MR perfusion image was performed on 1.5 and 3T machine (Magnetom Skyra, Siemens, Germany) with spin echo-planar imaging sequences by using the following parameters : repetition time (TR)/echo time (TE), 1950/30 ms; flip angle, 90°; matrix, 128×128; field of view 220×220; section thickness 5 mm; and intersection gap, 1 mm in all patients. Sixty sections and 25 images per section in all patients were obtained before, during and after the administration of contrast agent. Contrast agent 0.2 mmol gadopentetate dimeglumine (Multihense, Patheon, Italy) per kilogram of body weight at a rate of 3 mL/sec was injected by using an MR imaging-compatible power injector (Spectrics; Medrad, Pittsburgh, PA, USA). This was followed by a 20 mL bolus of saline administered at the same injection rate. Perfusion maps of CBV were generated after eliminating the effect of contrast agent recirculation by using gamma-variate curve fitting. We utilized software program (Numaris/4, version syngo MR D13) for evaluation of CBV. We selected region of interest in PLIC and MC using MRIcro software program.

MR FLAIR was also performed on a 3T machine (Magnetom Skyra, Siemens, Germany) with spin echo-planar imaging sequences. Protocol imaging included axial FLAIR sequence (TR : 9000 ms; TE : 95 ms; field of view 199×220; section thickness 5 mm; flip angle, 90°; matrix size : 512×278).

In studies of cerebral vascular reserve by SPECT with the use of N-isopropyl-4-iodoamphetamine (123I-IMP), it is necessary to measure cerebral blood flow at rest and after acetazolamide (ACZ) challenge. The SPECT scanner E-cam (Siemens, Germany) and image processor E-soft (Siemens) were used. The collimator used was a low-energy, ultra-high resolution, fan-beam collimator (83 cps/MBq). Conditions for acquisition were as follows : 5-min acquisition (7.5 s/step, 3°/step, continuous), matrix of 128×128 (3.56 mm/pixel), and radius of rotation of 13 cm. A filtered backprojection method using a ramp filter was utilized to reconstruct images from 5-min data. As a 3D post-filter, a low-pass filter (cutoff 0.4 cycles/cm; order 5.0) was used. Two SPECT images were summated to obtain a slice thickness of 2.4 mm.

The corticosubcortical area of cerebral hemisphere was divided into the following four regions on each hemisphere : the anterior cerebral artery (ACA), the anterior half of the middle cerebral artery (ant-MCA), the posterior half of the MCA (post-MCA), and the posterior cerebral artery (PCA)[@B16] ([Fig. 1](#F1){ref-type="fig"}). The central sulcus is a landmark that separates between the ant-MCA regions and the post-MCA ones. We compared both FLAIR images obtained preoperatively and postoperatively based on the ivy sign scores, for which we used a 3-grade system : Grade 0 (negative; no ivy sign), Grade 1 (minimal; the ivy sign is defined as minimal or equivocal high signal intensity) and Grade 2 (positive; the ivy sign is obviously linear and punctate high signal intensity).

The SPECT results were demonstrated using 20 levels of color ranging from black to white. We give the score from 0 to 100 points, it means that each color was given 5 points. This scoring system was possible because the 20 levels of color spectrum is exactly specified in the SPECT image and this result was confirmed the radiologist. When there was a sufficient cerebral perfusion, it was shown as red colors with an intensity of 60 to 80. We checked the CVR before and after administration of acetazolamide. We applied CVR which results of post-administration of acetazolamide to this study because that it is significantly associated with an increased risk of stroke recurrence in patients with symptomatic cerebral infarction[@B8].

We analyzed the relationship between the ivy sign on MR FLAIR images and CVR on SPECT ones and then compared them between prior to and following the STA-MCA anastomosis.

Statistical analysis
--------------------

The statistical analysis was performed with the student t-test for correlations between patients with an ivy sign on MR flair and CVR on SPECT. The difference was considered to be significant if the *p* value was less than 5% (*p*\<0.05).

RESULTS
=======

Thirteen cases of twelve patients, one patient to undergo surgery, bilateral hemispheres, were diagnosed with moyamoya disease on angiography and they underwent STA-MCA anastomosis ([Table 1](#T1){ref-type="table"}). With that as a result of the sum of CVR in all patients, post-contrast image, on the SPECT images was 3035 preoperatively and 3480 postoperatively (*p*\<0.05), the surgery was successful in all patients. Among these patients, one patient got the surgery bilateral STA-MCA anastomosis ([Fig. 2](#F2){ref-type="fig"}) and checked the MR FLAIR and SPECT ([Fig. 3](#F3){ref-type="fig"}).

In order to refine the preoperative and postoperative results, the cerebral hemisphere was divided into four regions : the ACA, ant-MCA, post-MCA, and PCA. Thus, 4 regions of 13 cases, a total of 52 regions were selected. We compared changes in the sum of CVR between preoperatively and postoperatively in each 4 regions. We aimed to proof of the ivy sign could be another marker of hemodynamic change, so the analysis of preoperative and postoperative change of ivy sign is the most important topic in this reports. But ivy sign was not observed on whole region of hemisphere, so we selected the slice of MR FLAIR images which demonstrated the typical ivy signs and compared that with CVR on the same slice of SPECT images. This showed that CVR was increased from 745 to 815 in the ACA region (*p*\<0.05), from 720 to 885 (*p*\<0.05) in the ant-MCA region, and from 710 to 895 (*p*\<0.05) in the post-MCA region. These results indicate that there was a significant increase in the sum of CVR in all of these three regions. In the PCA region, however, it was increased from 860 to 885 but this difference did not reach a statistical significance.

To evaluate the usefulness of ivy sign at a follow-up, we compared ivy sign changes on MR FLAIR images between preoperatively and postoperatively with CVR changes on SPECT images between prior to and following the STA-MCA anastomosis[@B7],[@B19].

All of the patients who showed the minimal or positive ivy sign were identified in 18 of 24 hemispheres (75%). Preoperative and postoperative MR FLAIR images were taken at 46.7 days on average (range, 8-99 days) and at 196.6 days (range, 33-368 days), respectively. The sum of ivy score was 43 preoperatively and 20 postoperatively. This difference reached a statistical significance (*p*\<0.05). Minimal or positive ivy signs were found in 8 ACA regions, 13 ant-MCA regions, 19 post-MCA regions and 3 PCA regions. Of these regions, the ivy signs were predominantly recorded from the MCA territory; their prevalence was the highest in the post-MCA region. By the corticosubcortical area of cerebral hemisphere after STA-MCA anastomosis, ivy score was 8 and 4 in the ACA regions, 13 and 4 in the ant-MCA regions and 19 and 9 in the post-MCA regions. All values were preoperative and postoperative ones in the corresponding order. All of these differences reached a statistical significance (*p*\<0.05). In the PCA regions, however, there was no significant difference in the sum of ivy score between preoperatively (3) and postoperatively (3). In particular, the sum of ivy score was significantly higher in the post-MCA region as compared with other regions and the degree of the reduction in the sum of ivy score was also the highest in the post-MCA region. We compared these results with CVR scores between preoperatively and postoperatively on SPECT images and checked these correlation outcomes reached a statistical significance (*p*\<0.05) ([Table 2](#T2){ref-type="table"}).

We compared ivy sign changes on MR FLAIR images with MR perfusion images between prior to and following the STA-MCA anastomosis. We selected the same number of the slice of MR perfusion images with the slice of MR flair image, same methods as compared MR FLAIR with SPECT, which demonstrated the typical ivy signs. We compared on MR perfusion images, the degree of change of mean transit time (MTT) was higher in the regions with positive or minimal ivy sign as compared with those with negative one. After STA-MCA anastomosis, it was also demonstrated that the hemodynamic profile was improved in the regions both SPECT ([Fig. 4](#F4){ref-type="fig"}) and perfusion MRI images where the ivy sign was missing or decreased ([Fig. 5](#F5){ref-type="fig"}).

We divided into three groups on patients clinical states; asymptomatic groups, TIA and complete stroke group and checked the change of ivy score by clinical symptoms. The mean preoperative ivy score was 2 points in the asymptomatic group, 3 points in the TIA group and 5.2 points in the complete stroke group, thus indicating that higher ivy score was noticed on the patients with more severe clinical symptoms.

DISCUSSION
==========

To date, numerous studies have evaluated brain hemodynamic changes. Since brain hemodynamic changes were first measured based on CO~2~ reactivity in a published study, the SPECT has been regarded as a standard diagnostic modality where the CVR is measured based on the iatrogenic metabolic effect by using an intravenous administration of acetazolamide[@B20],[@B21],[@B23]. In addition, the results of MTT on MR perfusion are also useful to determine the hemodynamic change in moyamoya patients[@B12],[@B13]. Ohta et al.[@B19] first reported that the ivy sign is a diffuse leptomeningeal enhancement found on T1-weighted MR images of patients with moyamoya disease in childhood. Based on published studies supporting the applicability of ivy sign on T1-weighted MR images in measuring brain hemodynamic changes have been conducted up to present[@B11]. But, there are some reports that indicated the side effects occur during the SPECT or MR perfusion, T1-weighted MRI including discomfort to patients. According to Settakis et al.[@B22], side effects such as headache and discomfort may occur as a result of the activation of ACZ. In patients with a low hemodynamic state, there is also a possibility that the CBF might be further reduced with the administration of ACZ because of the vascular steal phenomenon in the adjacent area where the CVR is relatively preserved. Special attention should therefore be paid to the administration of ACZ in patients with severe ischemic symptoms. MR perfusion and T1-weighted MRI also requires administration of contrast agent which eventually require the patient should be evaluated via an intravenous route in a fasting state, so patients should keep the empty stomach for several hours.

According to recent studies, the ivy sign on MR FLAIR images showed a new diagnostic value in detecting brain hemodynamic changes[@B10],[@B13]. Several studies had shown that the ivy sign is also seen on MR FALIR images and it is suggestive of brain hemodynamic status in patients with moyamoya disease. We assume that MR FLAIR would be more useful in performing a follow-up evaluation as compared with SPECT or perfusion MRI, T1-weighted MRI study because it causes less discomfort to patients with moyamoya disease[@B15],[@B22]. The MR FLAIR study is advantageous in that it can be easily performed in a clinical setting. As compared with SPECT or MR perfusion, T1-weighted MRI study, the MR FLAIR imaging is more advantageous in that it takes less than ten minutes, causes a less side effects, do not need to feel hunger and is a non-invasive modality.

Based on the published studies about the usefulness of the ivy sign on MR FLAIR images in evaluating brain hemodynamic changes, further studies have been conducted to examine whether it is also a useful indicator at a follow-up in patients who underwent STA-MCA anastomosis. In 2010, Kawashima et al.[@B9] used the ivy sign on MR FLAIR images for a follow-up study of patients with moyamoya disease who underwent STA-MCA anastomosis, thus reporting that the ivy sign was a useful indicator in evaluating the preoperative and postoperative hemodynamic status of brain. Ideguchi et al.[@B6] reported that the ivy sign is a non-invasive indicator in detecting brain hemodynamic changes through a comparison between SPECT and MR FLAIR study. However, it should be noted that the above studies enrolled relatively younger patients; Kawashima et al. enrolled patients with a mean age of 25 years and Ideguchi et al. did those with a mean age of 24 years. The detection rate of moyamoya disease per year was 0.94 patients per 100000 people, and prevalence was 10.5 patients per 100000 people. The incidence of ischemia concerned with the disease was 0.53 patients per 100000 people-years and hemorrhage was 0.2 patients per 100000 people-years. And, considering the age distribution, the highest incidence of moyamoya disease was observed in adults 45 to 49 years of age and the second in children 5 to 9 years of age, their reliability would be questionable on aspect of age, the above two studies have the limitation of subject selection in appropriate age[@B1]. We performed MR FLAIR study to evaluate the diagnostic value of the ivy sign in adult patients (average age, 45 years; range, 23-64 years). Thus, our results support that it can be considered as a useful indicator for adult patients with moyamoya disease.

We underwent STA-MCA anastomosis in thirteen cases of twelve patients (one patient having surgery on bilateral hemispheres) who were diagnosed with moyamoya disease on angiography. All of the surgery was successful as a result of the sum of CVR on the SPECT images was 3035 preoperatively and 3480 postoperatively (*p*\<0.05).

Based on the reports by Ideguchi et al.[@B6], we compared the ivy signs between preoperatively and postoperatively in each region. Our results showed that it was no significant different in hemodynamic state evaluation between MR FLAIR images and SPECT ones, and based on these results, we conclude that the ivy sign on MR FLAIR images is a useful indicator in detecting brain hemodynamic changes between preoperatively and postoperatively as much as CVR on SPECT ones. To assess the accuracy of MR FLAIR, we separated the results by four regions. Of four areas (ACA, ant-MCA, post-MCA, PCA), results were significant changes in the ivy sign on MR FLAIR images and the CVR on SPECT ones postoperatively as compared with preoperatively in both the ACA and MCA territories and the degree of changes in both indicators was the highest in the MCA territory (*p*\<0.05). But, there were no significant differences in two indicators between preoperatively and postoperatively in the PCA territory ([Table 2](#T2){ref-type="table"}). These findings can be explained based on the relative preservation of posterior circulation by PCA in patients with moyamoya disease, as reported by Fujiwara et al.[@B23].

Compared to other reports, although it is not absolute comparison, our reports showed that 75% of regions of cerebral hemispheres were positive for the ivy sign; it was higher than 64.7% reported by Kawashima et al. Our report was consistent the report by Mori et al.[@B14],[@B22], ivy sign was a significant correlation with the severity of symptoms. The sum of the ivy scores was 5.2 points in the complete stroke group, 3 points in the TIA group and 2 points in the asymptomatic group. These results are different from other studies indicating that the ivy sign on MR FLAIR is also a useful indicator in detecting brain hemodynamic changes between preoperatively and postoperatively in adult patients (above 20 years) with moyamoya disease.

Limitation of the current study includes a small number of patients (n=13). Also, MR FLAIR was not performed at constant tesla, some patients have taken MRI at 1.5 tesla and others at 3 tesla. Further studies are warranted to compare the ivy signs between preoperatively and postoperatively in patients presenting with clinical symptoms. This would contribute to identifying more significant results of the ivy sign. If there is a significant correlation between the ivy sign and the symptoms, this would be useful to evaluate their prognosis.

CONCLUSION
==========

The ivy sign on FLAIR images was present in the regions where both the cerebral perfusion and the CVR were decreased. After STA-MCA anastomosis, the ivy sign was disappeared or its intensity was decreased in the hemisphere. As compared with conventional diagnostic modalities such as SPECT or MR perfusion, the ivy sign is considered as a useful indicator in detecting brain hemodynamic changes between preoperatively and postoperatively. Our results also show that it is also a useful indicator in detecting brain hemodynamic changes in adult patients. Furthermore, the degree of ivy sign was higher in patients with a greater severity of symptoms. Further studies are warranted to examine whether the ivy sign is also useful in identifying the improvement of hemodynamic status and assessing the effectiveness of STA-MCA anastomosis in adult patients with moyamoya disease.

![The ivy sign is referred to as leptomeningeal high-signal intensity on FLAIR images along cerebral sulci. White arrows indicate ivy signs on bilateral hemispheres of moyamoya patient (A). Regions on bilateral hemispheres were classified into four territories[@B16] (AJNR Am J Neuroradiol 20 : 336-343, 1999) : Red line - ACA, Green line - the anterior-MCA, Pupple line - the posterior MCA, Yellow line - PCA (B). ACA : Anterior cerebral artery, MCA : Middle cerebral artery, PCA : posterior cerebral artery, FLAIR : fluid-attenuated inversion recovery.](jkns-54-302-g001){#F1}

![A 36-year-old man with moyamoya disease who got the bilateral STA-MCA anastomosis surgery in our hospital. In the preoperative TFCA image, white arrows indicate moyamoya vessels on bilateral ICA (A). No vascular supply to intracranial region via ECA (B). STA-MCA anastomosis was done on bilateral hemisphere and well intracranial blood flow was checked from STA to MCA via anastomosis site in the postoperative TFCA image (C). TFCA : transfemoral cerebral angiography, STA : superficial temporal artery, ICA : internal carotid artery, ECA : external carotid artery, MCA : middle cerebral artery.](jkns-54-302-g002){#F2}

![Same patient with [Fig. 2](#F2){ref-type="fig"}. Ivy sign was checked on bilateral hemispheres by indicating white arrows (A) and compared preoperative MR with postoperative MR FLAIR image, ivy sign was disappeared on bilateral hemispheres by indicating white arrows (B). Like MR FLAIR images, compared with preoperative SPECT and postoperative SPECT, CVR was increased on bilateral hemisphere before surgical treatment by indicating white arrowheads (C and D). SPECT : single photon emission computerized tomography, CVR : cerebrovascular reserve, FLAIR : fluid-attenuated inversion recovery.](jkns-54-302-g003){#F3}

![A 64-year-old woman with moyamoya disease. White arrowheads indicate the decreased CVR with SPECT images (A). The patient got the surgery, and decreased CVR was normalization on SPECT images after 1 month (B). CVR : cerebrovascular reserve, SPECT : single photon emission computerized tomography.](jkns-54-302-g004){#F4}

![Same patient with [Fig. 4](#F4){ref-type="fig"}. We compared ivy sign on MR FLAIR image with MTT on MR perfusion image. Preoperatively, white arrows indicate the ivy signs on MR FLAIR image (A) and those were decreased on MR FLAIR images after surgery (B). MTT prolongation was observed on MR perfusion images in the right MCA territory in the preoperative state by indicating white arrows, and after surgery, MTT prolongation was improved on MR perfusion images like ivy signs on MR FLAIR images (C and D). MTT : mean transit time, FLAIR : fluid-attenuated inversion recovery.](jkns-54-302-g005){#F5}

###### 

Preoperative clinical findings and ivy score of twelve patients
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^\*^1 patient got the surgery in bilateral hemispheres, so ivy score of left hemisphere is 4, and right hemisphere is 3. Rt. : right, Lt. : left, OP: operative, TIA : transient ischemic attack

###### 

Changes in the CVR and the ivy sign between preoperatively and postoperatively of moyamoya patient
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ACA : anterior cerebral artery, Ant-MCA : anterior half of the middle cerebral artery, Post-MCA : posterior half of the middle cerebral artery, PCA : posterior cerebral artery, OP : operative, CVR : cerebrovascular reserve
